The distribution and severity of beech bark disease (BBD) in the Catskill Mountains of southeastern New York state, U.S.A., were measured between 1997 and 2000. Forest composition was measured using wedge prism surveys and fixed-area plot counts of canopy species. BBD severity on individual trees was ranked from 1 (no disease) to 5 (dead) based on bark health and canopy loss. These data were analyzed at multiple spatial scales to determine possible controls of disease distribution and severity. BBD was present on almost all Fagus grandifolia Ehrh. (American beech) individuals encountered >10 cm diameter at breast height, but was most severe in larger diameter classes. Mortality due to BBD also increased with diameter class. A strong positive relationship was found between BBD severity and relative beech basal area at the tract (hundreds of hectares) and 100-m elevation band spatial scales, but not found at smaller scales. Successful long-range dispersal of the disease may therefore be dependent upon host density, while local conditions may control BBD severity within individual stands. The current status of BBD in the Catskills suggests these forests are entering the aftermath phase of the disease's progression and that BBD has become an endemic component of these forests.
Introduction
Since its introduction to North America from Europe ca. 1890 (Ehrlich 1934) , beech bark disease (BBD) has rapidly spread across the northeastern United States and southeastern Canada, with initial mortality rates of mature beech reaching 80-90% (Houston 1984) . High susceptibility of American beech (Fagus grandifolia Ehrh.) to the disease complex ensures both continued spread of the disease into uninfected forests and its establishment as an endemic component of previously infected areas. The legacy of massive initial damage immediately following the introduction of BBD and the continuous effects of endemic disease in longinfected forests are both important factors influencing the current health and local distribution of beech, as well as overall forest composition.
Beech bark disease is caused by the interaction between the wingless scale insect Cryptococcus fagisuga Lind. (Hemiptera: Eriococcidae) and one of two species of Ascomycete fungus, Nectria coccinea (Pers.: Fr.) Fr. var. faginata Lohman, A.M. Watson, & Ayers and Nectria galligena Bres. in Strass. The parthenogenetic reproduction of Cryptococcus allows for rapid population increase (Hepting 1971) , and the combined feeding of many Cryptococcus individuals predisposes the bark to Nectria spp. infection via a mechanism that is not well understood. The resulting fungal colonies cause the formation of cankers on the bark surface, and the accumulation of cankering on an individual tree leads to the wilting of leaves, loss of twigs and branches, crown breakage, and eventual death (Boyce 1961) . Since initial Cryptococcus damage is a prelude to the severe Nectria infection associated with BBD, the spread of BBD is largely governed by the wind-and animal-borne dispersal of Cryptococcus. After 3-5 years of scale insect population buildup on an individual beech, enough damage occurs for Nectria to be-come established (Tainter and Baker 1996) . Despite limited natural controls that operate locally, such as predation of Cryptococcus by the twice-stabbed ladybird beetle, Chilocorus stigma Say, and competitive exclusion of Nectria by the fungus Ascodichaena rugosa Butin (Blanchard and Tatter 1981) , no landscape-scale natural controls of BBD are known. At present, it seems that BBD is likely to become established everywhere within the range of beech that remains above -37°C, the fatal temperature for Cryptococcus (Tainter and Baker 1996) .
In Europe, BBD has been known since the 1840s and is currently found wherever European beech (Fagus sylvatica L.) is growing (Tainter and Baker 1996) . Since its inadvertent introduction via ornamental beech trees into North America at Halifax, Nova Scotia, in 1890, BBD has spread rapidly, first appearing in the United States in Maine in 1929. The zone of infestation has been spreading at the rate of 10-15 km/year, and by 1950, most of Maine was affected. By 1960, New Hampshire, Vermont, Massachusetts, Rhode Island, Connecticut, and eastern New York were within the range of Cryptococcus spread. By 1975, most of New York, northern New Jersey, and northeastern Pennsylvania were infested with the scale insect, as well as all of Nova Scotia, New Brunswick, and eastern Quebec. Today, the disease is present in the northeastern United States as far west as Michigan (McCullough et al. 2000) , Ohio, parts of West Virginia and Virginia, and as far south as isolated pockets in North Carolina and Tennessee (Houston 1994) . Shigo (1972) described this unchecked spread of BBD in three stages. The "advancing front" consists of rising Cryptococcus populations and low levels of Nectria. The "killing front" follows, characterized by large populations of Cryptococcus, severe outbreaks of Nectria infection, and high beech mortality. Shigo's final stage, the "aftermath", consists of evidence of prior mortality, few older trees, and beech thickets made of small trees of sprout origin. Houston (1984 Houston ( , 1994 further suggests that lower levels of scale insect populations and widespread defect of trees characterize BBD in these aftermath forests rather than the high Cryptococcus populations and high mortality rates experienced by mature beech forests in the killing phase.
Many studies have documented the effects of BBD on forests. For example, the phenomenon of prolific root sprouting by dead and dying stems can greatly alter the distribution of beech diameter classes (Fahey 1998) . Root sprouting may also aid in the establishment of BBD as an endemic by retaining and proliferating susceptible genotypes within the population (Houston 1975) . In maturing Adirondack northern hardwood forests, McGee (2000) found that for six decay classes of beech coarse woody debris, 55-100% of the debris was attributable to BBD. Areas in which BBD is severe have experienced reductions in beech because of mortality, growth loss, and replacement by other species such as hemlock (Tsuga canadensis (L.) Carrière) (Twery and Patterson 1984) . High mortality rates of large beech trees also create numerous gaps in the canopy. DiGregorio et al. (1999) found that these gaps increased the radial growth of sugar maple (Acer saccharum Marsh.) on gap edges as well as subcanopy trees within the gaps. At higher gap densities, the same study found that an increase in radial growth also occurred in subcanopy trees in nongap areas. The frequency of gap formation is an important mechanism in determining which species achieve canopy status. A study of Adirondack forests (Canham 1988) suggested that canopy beech trees would increase in abundance during periods of no canopy disturbance, while periods with high rates of canopy disturbance would increase the abundance of canopy sugar maple trees. High gap frequencies created by BBD mortality could therefore have two effects on canopy composition: the initial physical removal of canopy beech trees and the subsequent promotion of other species as replacements. In the Catskills, we observed that the most common species replacing beech was sugar maple. Such changes in forest composition initiated by BBD are a concern because the species that replace beech may differ significantly from beech in their effects on the nitrogen cycle of the forest (Lovett et al. 2002 . Although current BBD severity alone does not explain N loss as stream NO 3 -from these watersheds (Lovett et al. 1999) , the potential changes in vegetation composition caused by BBD mortality may induce shifts in nitrogen retention, loss, and distribution in these forests.
The Catskills were one of the first areas of New York state to be affected by BBD. As the largest and most well known wave of disease was first spreading into Maine from Nova Scotia and New Brunswick around 1935, one of several smaller waves of disease spread had begun when a Cryptococcus population was established near the port of New York City (Houston 1994) . Cryptococcus populations were present in Westchester and Nassau Counties by the early1930s, and had moved north to become established in Catskill forests and surrounding areas by the 1940s (Houston 1984) . The purpose of this paper is to describe the current distribution and severity of BBD in the Catskill Mountains, determine any spatial patterns in occurrence or intensity, and discuss past and future effects of BBD on these forests.
Materials and methods

Site description
The Catskill area is an uplifted peneplain of roughly 2500 km 2 with flat-topped mountains and deeply incised valleys located in southeastern New York state, U.S.A. (Fig. 1) . The vegetation of the zone roughly between 500 and 1100 m elevation is typical of northern hardwood forests throughout the northeastern United States. McIntosh (1972) reported sugar maple to be the most common tree in the Catskills, being present in 81% of the stands sampled and the leading dominant in 27% of them. Beech was second, being present in 70% of the stands and the leading dominant in 16%, and yellow birch (Betula alleghaniensis Britt.) was third (present in 61%, dominant in 9%), though most of the latter were found at over 883 m elevation. Other common trees were hemlock, white ash (Fraxinus americana L.), and red oak (Quercus rubra L.), with balsam fir (Abies balsamea (L.) Mill.) and red spruce (Picea rubens Sarg.) occurring on some of the higher mountaintops.
Vegetation sampling
The data for this study were collected from 1997 to 2000 as part of several larger efforts to document the distribution of forest types within the Catskill Mountains of southeastern N.Y. Consequently, data reported here were collected by three similar methods used to determine relative basal areas of all canopy species, including beech.
Two methods consisted of the stratified random sampling of 10 watersheds dispersed throughout the Catskill Mountain Preserve, ranging in size from 63 to 476 ha. For both of these methods, stands were sampled along a series of transects perpendicular to the stream axis. Along each transect, one stand was sampled at a randomly chosen elevation within each 100-m elevation band. This was done so that sample distribution among elevation bands was proportional to the land area covered by that elevation band. The total number of sampled stands within each watershed was proportional to its area; the nine largest watersheds ranged from 1 stand/21.5 ha to 1 stand/26.7 ha, and the smallest was 1 stand/15.8 ha. For both transect methods, each stand consisted of five plots, 6 × 30 m each. In the first of these methods, used in five of the watersheds, the five plots were spaced 20 m apart along the contour. For the second transect method, used in the other five watersheds, the five plots were laid out within a larger 58 × 90 m rectangle, one plot in each corner and one in the center. In this second transect method, the elevation for the stand was recorded as the elevation at the center plot. For both of these methods, the diameter at 1.6 m of all trees >10 cm in the plots was recorded, and all stems <10 cm and at least 1.6 m tall were tallied by species.
The third sampling method consisted of surveying three tracts of forest not necessarily composing a watershed (334, 962, and 920 ha) and sampling stands occurring at randomly chosen latitude and longitude coordinates evenly distributed across elevation. At each stand, four prism survey plots (metric wedge prism, BAF 2) were established within a hectare, one in the center of each quadrant. Species and diameter at breast height (DBH) of each tree included by the prism were recorded.
For all three sampling methods, organic horizon (Oe and Oa) soils were collected from each stand for C:N analysis. Soils were dried, ground, and %C and %N were measured on a LECO element analyzer. Also, in each sampling method, every beech individual >10 cm was assigned a rank for beech bark disease severity using the following scale of 1-5: 
Data analysis
For data analysis purposes, the prism plot, stand, and tract-level data from the third sampling method were considered equivalent in spatial scale to the plot, stand, and watershed-level data from the two transect methods, respectively. Henceforth, we will use "plot" to refer to one 6 × 30 m (fixed area plots) or one~25 m radius (prism plot) sampled area, "stand" to refer to the clusters of plots within an area of~1 ha, and "tract" to refer to the clusters of stands in watersheds or tracts ranging from 63 to 920 ha. "Elevation band" refers to 100-m intervals of elevation, and "elevation zone" refers to high (1000-1300 m), mid (600-1000 m), and low (300-600 m) elevation forests.
When calculating mean BBD ranks for each spatial scale (plot, stand, elevation band, elevation zone, and tract), means were weighted by basal area to correct for the prism method's slight bias toward sampling larger trees (Avery and Burkhart 1994) . The mean absolute difference between the weighted and unweighted mean BBD ranks was 0.152 (SD = 0.103) at the tract level and 0.177 (SD = 0.178) at the stand level. All statistical analyses were performed using the SAS statistical package (SAS Institute Inc. 1990). We used simple descriptive statistics (mean, standard error) to characterize the mean and variance in the data set and used the CORR and GLM procedures in SAS (SAS Institute Inc. 1990) for correlation and analysis of variance.
Results
Beech was found in 108 of 136 (79%) stands ranging from 320 to 1232 m elevation. BBD was found in all 108 stands containing beech, and BBD-induced mortality was found in 45 (42%) of these 108 stands. The relative basal area of beech >10 cm DBH (beech basal area/all spp. basal area) was found to vary between 0 and 100% at the plot level, 0 and 66% at the stand level, and 0.4 to 24% at the tract level. The largest percentage of beech stems (53%) occurred in the smallest (10.0-19.9 cm) diameter class, and the percentage of stems in each successively larger class was approximately half the previous one (Table 1 ). The largest diameter class (50+ cm; max DBH = 62.5 cm) contained only 1% of all beech stems measured.
Most beech stems encountered were assigned disease ranks of 2 or 3, with rank 1 (little or no infestation) being extremely uncommon (n = 3, 0.2% of all stems) and only occurring in the 10.0-10.9 cm diameter class ( Table 1 ). The percentage of rank 2 stems within each diameter class decreased as diameter class increased, and the percentage of rank 5 stems within each diameter class increased as diameter class increased (Table 1 ). The severity of BBD differed significantly among diameter classes (ANOVA, p < 0.0001).
The mean BBD rank for the smallest diameter class (10.0-10.9 cm) was significantly lower than all other classes, and the largest diameter class had a BBD rank significantly higher than the two smallest classes (Table 1) . Percent mortality also increased as diameter class increased (Table 1) .
Strong correlations between BBD severity and relative beech basal area were not evident at the plot or stand spatial scale (adj. r 2 = 0.003, p = 0.1559, n = 353; adj. r 2 = 0.05, p = 0.0139, n = 108, respectively), nor was BBD severity strongly correlated to plot or stand elevation (adj. r 2 = 0.03, p = 0.0014; adj. r 2 = 0.09, p = 0.0014, respectively), stand or mean tract soil C:N ratio (adj. r 2 = 0.03, p = 0.0518; adj. r 2 = 0.00, p = 0.8347, respectively), or the basal area of any other species at any spatial scale. However, both relative beech basal area and BBD severity tended to be highest in midelevation stands (Fig. 2) . When stands are grouped by elevation zone, midelevation stands (600-1000 m) have a significantly higher (ANOVA, p = 0.0047) relative beech basal area (16%) than high elevation (1000-1300 m, 7% beech) and low elevation (300-600 m, 9% beech) stands, as well as a significantly higher (ANOVA, p < 0.0001) mean BBD rank (3.22) than high elevation (2.76) or low elevation (2.41) stands. Furthermore, when grouped into 100-m elevation bands, the mean stand relative beech basal area was moderately correlated to the mean stand BBD severity (Fig. 3 , adj. r 2 = 0.41, p = 0.0377). This relationship is stronger (adj. r 2 = 0.60, p = 0.0143) if the 1100-1199-m elevation band data point is excluded from the calculations. This point represents only five stands, and they are at the upper elevation limit for beech in this area. Environmental stresses at higher elevations may have caused trees in these stands to be weakened and, therefore, exhibit more severe BBD than stands of equal beech basal areas at lower elevations.
When stands were grouped by tract, relative beech basal area was more strongly correlated with mean BBD rank (Fig. 4, adj. r 2 = 0.72, p = 0.0001). When percentage of stems ranked 4 or 5 was substituted for mean BBD rank, this relationship was stronger still (adj. r 2 = 0.82, p = 0.0001).
Discussion
BBD severity in the Catskill Mountains
Beech abundance
The present abundance of beech in the Catskills as determined by this study is comparable with its distribution in other northern hardwood forests of New York (Fahey 1998) , New England (Twery and Patterson 1984) , and Ohio (Forrester and Runkle 2000), as well as data collected from the Catskills in the early 1960s. McIntosh (1972) found that beech composed 12.8% of the total tree density in the Catskills based on data collected from 1960 to 1963. We found beech to compose 17% of the total density. However, historical data compiled from land survey records ca. 
BBD prevalence
Data collected from 1950 to 1957 (Zabel et al. 1958 ) show BBD present in eight counties of the Catskill region, with a high percentage of all age classes infected with both Cryptococcus and Nectria and BBD-induced mortality rates ranging from 65 to 81%. By 1961, the state of BBD in the same eight Catskill counties was said to be "severe" (Zabel 1961 ). There have been many other influences on the Catskill landscape over the last 200 years, including logging, agriculture, and forest fires, yet the drastic decline in beech between ca. 1800 and the 1960s (McIntosh 1972 ) is most likely mainly attributable to the documented effects of BBD introduction in the 1940s.
The high mortality rates during the 1950s reported by Zabel et al. (1958) and the dramatic drop in beech densities by 1963 reported by McIntosh (1972) suggest that the killing front (Shigo 1972) of BBD was moving through this part of N.Y. in the mid 1950s and early 1960s. Mortality data from other northern hardwood forests experiencing the killing front stage of the disease (Mize and Lea 1979) are consistent with 1950s Catskill mortality data. This period of high mortality is what Houston (1994) calls "phase one" of BBD, which "encompasses the effects resulting from the epidemic invasions and buildups of scale and pathogens" and is comparable with the cumulative effects of the advancing front and killing front stages described by Shigo (1972) . The truncated range of beech diameter classes found in our study (Table 1 ) most likely reflects the legacy of this wave of high mortality during the 1950s. Many large stems would have been lost during this period and would therefore be less likely to be encountered in our surveys.
"Phase two" of Houston's (1994) BBD progression consists of "the effects of the established causal complex on the young, small beech trees arising in the aftermath of heavy mortality or salvage". In these long-affected stands, the effects of the disease on beech trees are manifested in reduced vigor and growth and increased deformity and defect of individuals rather than the widespread mortality of phase one. Twery and Patterson (1984) found damage from BBD in New England aftermath forests to be "a slow cumulative process causing more growth loss than mortality". The current state of BBD in the Catskills fits this profile of Houston's phase two. Affected stands in the Catskills do consist of smaller deformed trees, and many contain dense thickets of beech sprouts. The mortality rates we found in this study are much lower than historic BBD-induced mortality rates of the Catskills, as well as the mortality rates from other northeastern forests experiencing the killing phase of the disease complex. This shift from Houston's phase one to phase two marks the establishment of BBD as an endemic component of the Catskill forests.
BBD distribution in the Catskills
On a regional scale, it appears that the spread of BBD across the landscape will ultimately be checked only by the natural distribution of beech and extreme winter temperatures. In this study, we were interested in what might be controlling the distribution of the disease on smaller spatial scales. The success of a wind-and animal-borne dispersal strategy such as that of Cryptococcus would largely depend upon the prevalence of suitable hosts within the shadow of dispersal. Our tract-level data supported this idea. We found that the relative basal area of beech within a tract was positively correlated to the mean BBD rank assigned to trees within that tract. Assuming that each susceptible beech tree is a potential point of introduction, this result suggests that beech trees within tracts containing a higher concentration of potential points of introduction are currently more severely affected than those in tracts with fewer potential points of introduction. As BBD moved into the Catskills, tracts containing more beech would have had greater chances of becoming affected sooner than tracts with fewer beech and would exhibit a more severe stage of disease progression on individual trees at the time of our survey. Since the great majority of large affected individuals are eventually killed by the disease, the relative beech basal area -BBD se- verity correlation is most likely a function of the amount of time that has passed since a tract was first infected rather than any physiological differences between beech individuals in tracts that are densely or sparsely populated with beech.
Our data do not show a strong correlation between relative beech basal area and mean BBD rank at the stand level. We think it likely that some stands with low relative beech basal areas and high BBD ranks may have been affected via adjacent and more dense beech stands, which in turn were affected early in the spread of BBD into the region. Such stands would have higher average BBD ranks than stands of equal relative beech basal area that were far from large concentrations of beech. Conversely, some stands with high beech basal areas may have consisted of susceptible but highly tolerant individuals and, therefore, had low average BBD ranks. When grouped by elevation band, however, the stand-level data suggest that at the time of our survey, BBD was most severe at elevations that tend to harbor more beech and had not yet become severe at elevations that have less beech.
The variation in BBD severity across the landscape is undoubtedly influenced by variables other than the abundance of beech. The successful arrival of Cryptococcus eggs or nymphs to an individual tree or stand does not guarantee the establishment of BBD or the widespread mortality found in heavily infested areas. Robinson (1999) compiled several potential sources of small-scale spatial variability in BBD severity inherent to beech: (1) clusters of genetically resistant individuals resulting from clonal regeneration; (2) tolerant individuals that are susceptible to BBD yet are longlived; and (3) variable amino N concentrations in bark and resulting variability in food quality for Cryptococcus. Once a stand has been affected, other local conditions unrelated to beech physiology may also become more important than relative beech basal area in the success of the disease complex. Wargo (1988) and Latty et al. (2003) found BBD to be more severe on trees with higher N concentrations in bark tissue. Although in this study we do not have bark N data, we found no correlation between BBD severity and soil C:N ratio, a general measure of site N status . Twery and Patterson (1984) suggested that the density of hemlock in a stand may be an important factor in local BBD severity, since it increases humidity within the stand and provides shade for the scale populations against cycles of freeze and thaw during the winter. Our study found no significant correlation between hemlock basal area or hemlock density and BBD severity at either the stand or tract level, nor was the shading effect of aspect associated with disease severity. Houston and Valentine (1988) found that local climate conditions such as extreme winter temperatures and heavy autumn rainfalls can temporarily reduce the population of Cryptococcus. However, the narrow range of these variables occurring within our study area is unlikely to explain the variation in severity we observed.
In summary, we found that the Catskill forests appear to be in the aftermath stage of BBD progression, following the killing front stage in the 1950s and early 1960s. BBD infection is nearly ubiquitous in these forests at present, and most larger beech trees show canopy deterioration from the disease. The pattern of BBD occurrence suggests that its distribution and severity is controlled by the abundance of beech, both along elevation gradients and at the tract scale (60-1000 ha), but not at the stand scale (~1 ha).
